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I have reviewed the  ma-l-erial. rel.evant t o  your pending 
d e c i s i o n  on whether to f l y  an ad-c?iti.onal., perhaps expanded, 
cube--corner laser  ranging  a r r a y  on Apollo 15. 
comnients, focus5.ng on  t h e  n e e d '  f o r  a t.l-lird a r r a y  , will .  show 
t h a t  t h i s  review has  no t  convinced me t h a t  t h e  t h i r d  a r r a y  i s  
i n  any sense v i t a l  to t h e  LR experiment;  i t  should merely 
result i n  a u-iodest science incre~ncn-t. ove r  t h e  two-a.rrc3.y e x p c r i -  
ment.. I t  i s  this modest ~ncrement t h a t  should be cons ide red  i n  
.ass igning  t h e  cxperiment p r i o r i t y  vis-.a-v:i.s other f l i g h t  caridi- 
d a t e s .  I w i l l  not d~iscur;s t h e  l a . t t e r ,  b u t  c o n c e n t r a t e  on the 
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s c i e n c e  v a l u e  and rationa1.e of the varj.ous LR 3 o p t i o n s .  

You w i l l  recall t h a t ,  at your  sugges t ion ,  I d i s c u s s e d  
an ear:l.Ler d r a f t  of t h i s  l e t t e r  w i t h  t h e  Lunar Iiamging C x p 3 r i m e n - k  
(LIJRE)  team nierdicrs a t  the i r  l a s t  meeting and r eques t ed  dc tai l e d  
quaiitxi-tative reasons  i n  suppor t  of t h e j - r  r e q u e s t  f o r  a t h i r d  and 
augmented a r r a y .  The  LURE tear11 posti5oi-I, Reference 1, s u b n i t t e d  
i n  r e p l y ,  i s  n o t  q u a 6 t i t a t i v e  a t  a.1.I arid I.j:riiits i t s e l f  t o  broad 
and g e n e r a l ,  ali-.hovSh very p o s i t i v e ,  teixis . I t  shows that .the 
LUPZ tea;n rt?gai-ds tJii:ce deployed a r r a y s  2s "es sen t i a l  t o  a l l  OZ 
t h e  s c i e n c e  tha . t  i s  t o  'be obta:'Lned" by the expe r imen t .  T h i s  i s  
a iiew claim which has never been ~na.cie heforc i n  any w r i t t e n  form 
and which remains unsupported bl7 any, even q u a l i t a t i v e ,  aryunient . 
T h i s  claim, therefore ,  has never been exzrnined by a NASA corninittee 
and, g iven  the coni.plexi@ies of the standard twcnty- -pa~ameter  
l u n a r  t heo ry ,  i s  n o t  trafisy,arently v a l i d .  I have d i s c u s s e d  t h e  

. Lung;: p o s i t i o n  pap& i n  d e t a i  1 i n  t h e  attachcci appendix,  which al-so 
j-ncludes a d e t a i l e d  l i s t  of t he  decisj-on o p t i o n s  a v a i l a b l e  t o  you 
and t h e i r  r a t i o n a l e .  
conclus ions .  

I w i l l -  l i s t  h e r e  on ly  some comments and --- 
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3 .  T h e  Cainhridge Research Labora tory  (CRL) ground s t t i -  
t i o n  i s  n o t  y e t  p roduc t ive .  A l s o ,  though the 
McDonald ground s t a t i o n  now e x p e c t s  a couple  or' 
a c q u i s i t i o n s  on each of about  s i x  days a month, 
probably a l l  i n  the f i r s t  q u a ~ k e r ,  t h i s  docs n o t  
p rov ide  enougli da.ta t o  be s c i e n t i f i c a l l - y  u s e f u l !  
(Kaula, Reference 4 ( a )  , page 2,  has  c la imed once a 

week a s  t h e  a b s o l u t e  minimum obser-vation ra te  , so 
NcDonald should  n o t  y e t  be  r ega rded  as " o p e r a t i o n a l " )  e 

4. While a t o t a l  of only 30 a c q u i s i t i o n s  have been 
r e p o r t e d  so f a r ,  D r .  Mulholland has  s a i d  t h a t  enough 
d a t a  has  been c o l l e c t e d  over  t h e  l u n a r  c y c l e  t o  
demonstrate  t h a t  t h e  Apollo 11 a r r a y  works as ex-. 
pec ted  and i s  undegraded by d u s t .  

5 .  The CRL 1.5 m e t e r  ( 6 0 " )  ground s t a t i o n  should  be  a t  
l ea s t  as e f f i c i e n t  as t.he McDonald 2 . 7  (107") meter 
ground s t a - t i o n ,  i .e .  , prov ide  about  25% r e t u r n s  under 
i d e a l  c o n d i t i o n s  ( s e e  append ix ) .  N o t e  t h a t  a t  p rac -  
t i c a l  "seeing'!  i e v e l s  tile l a s e r  r e t u r n  s igna- i  sca- les  
d i r e c t l y  as t h e  -.-- square  of t h e  t e l e s c o p e  a p e r t u r e ,  s o  
t h a t  a 1.2% r e t u r n  i s  expec ted  wi th  a o n e  meter ground 
s t a t i o n ,  which appears  s a t i s f a c t o r y .  Therefore ,  i t  
seems clear  t h a t  an augmented a r r a y  i s  n o t  r e q u i r e d  
f o r  operat i -yn w i t h  a one meter (40") t e l e s c o p e .  I n  
my view t e l e s c o p e  guid ing  and a.stronoinical s e e i n g  are 
much more impor t an t  than t e l e s c o p e  a p e r t u r e  f o r  suc- 
c e s s f u l  and r e l i ab le  sta-t ion o p e r a t i o n .  

-- 

6. The  nub of t h e  three-anray  p r o p o s a l  seems t o  be  t h a t  
t h r e e  and only  t h r e e  a r r a y s  a r e  needed t o  check f u l l y  
t h e  assumptions and r e s u l t s  of t h e  l i b r a t i o n  theo ry .  
The c o n t r i b u t i o n  o f ,  t h e  l i b r a t i o n s  t o  t h e  range 
measurements must be e l i m i n a t e d  t o  achi.eve t h e  o t h e r  
s c i e n t i f i c  o b j e c t i v e s .  I t  i s  t r u e  t h a t  t h r e e  E u l e r  
ang le s  p r e c i s e l y  d e f i n e  t h e  o r i e n t a t i o n  of a r i g i d  
body wi th  r e s p e c t  to i t s  c e n t e r  of mass ( o r  t h r e e  l egs  
a r e  needed for  a three- legged  s t o o l ) ,  and t h a t  one s e t  
of t h r e e  ground s t a t i o n s  s imul t aneous ly  moni tor ing  one 

~ ~ ~~~ ~ ~ a r r a y ,  w h i l e  t w o  a d d i t i o n a l  s t a t i o n s  monitor  t h e  o the r  . 

t w o  l u n a r  a r r a y s  , could p r e c i s e l y  d e f i n e  t h e s e  a n g l e s  
as f u n c t i o n s  of t i m e ,  i ndependen t ly  of any l u n a r  t h e o r y .  
But such p r e c i s i o n  i s  n e i t h e r  needed nor  u s e f u l .  I n  
f a c t ,  w e  have a twenty-parameter 1una.r t heo ry  (Reference  8)  
i n  which m o s t  parameters ,  such a s  t h e  moments of i n e r t i a ,  
a r e  used v!.i.th s i x  o r  more s i g n i f i c a n t  f i g u r e s ,  exceedi.r,g 

any scienl:i.fj.c j.ntercs-i:. T h e  LR may ad.d. ahout  two 
deciiual ; '.aces t o  each parameter ,  t o  f i t  the close e x p e r i -  
ment t o l e r a n c e s  , but on157 the m o s t  caxeful. and long-- 
term a n a l y s i s  can d,eteritiine how rnuch t o  add t o  wh ich  
p h y s i c a l  c o n s t a n t .  A t h i r d  . a r r a y  should  speed up t .h i s  
p r o c e s s ,  even iinprove t h e  accuracy  of c e r t a i n  c o n s t a n t s .  

3 
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and our  conf idence  i n  t h e i r  new v a l u e s .  B u t  1 
s e r i o u s l y  q u e s t i o n  whether t h e  ' t h i r d  a r r a y  should  
t h e r e f o r e  be  considered essen 'c ia l .  

7, Only one l u n a r  a r r a y ,  t h e  Apollo 11 a r r a y ,  is re- 
q u i r e d  t o  achieve  all of the e a r t h  a p p l i c a t i o n s  and 

. . geophysics  ob j e c t i v e s  of t h e  experiment  and t o  measure 
t h e  l u n a r  t i d e s .  The Apollo 1 4  a r r a y  appears  neces- 
s a r y  t o  de te rmine  the  l u n a r  l i b r a t i o n s  and speed t h e  
d a t a  a n a l y s i s  , b u t  very l i t t l e  I- new s c i e n t i f i c  knowledge 
should  be  expec ted ,  s i n c e ,  as Kaula p o i n t s  o u t  
(Reference 2 ) ,  t h e  l u n a r  l i b r a t i o n s  are a l r e a d y  known 

w e l l  enough t o  determine t h e  l u n a r  mass d i s t r i b u t i o n  , 
whereas d e t e c t i o n  of a f l u i d  c o r e  i s  n o t  p o s s i b l e .  
A f t e r  t h a t  about  e i g h t  y e a r s  of adding decimal  p l a c e s  
t o  t h e  l u n a r  o r b i t  will. be r e q n i r e d  before t h e  rela- 
t i v i t y  r e s u l t s  can be e x t r a c t e d  from t h e  r e s i d u a l s .  
I t  would seem then  t h a t  t h e  a c t u a l  con t r ibu t5on  of 
t h i s  experiment t o  ---__--- l una r  science i s  remarkably modest 
and t h e  p r i o r i t y  of t h e  t h i r d  a r r a y ,  e s p e c i a l l y  a 
l a r g e  one, should  also be  very  modest. 

8.  The Apollo 11 and 1 4  a r r a y s  are s e p a r a t e d  4 0  deg rees  
i n  l o n g i t u d e  and t h r e e  degrees  i n  l a t i t u d e ,  so  t h a t  
t h e i r  r e s p e c t i v e  e r r o r s  should be i n  t h e  r a t i o  of 3/40 
and, i n  con'trast I would be s u r p r i s e d  a t  ' ' t ens  of 
meters lh t i t uc t e  error i f  one has  t o  work wj-th on ly  two 
r e f l e c t o r  in format ion .  I n  f a c t ,  t h e  above three 
degree s e p a r a t i o n  i n  l a t i t u d e  i s  based on  t h e  assump- 
t i o n  t h a t  t h e  moon's r o t a t i o n  a x i s  i s  a p r i n c i p a l  
a x i s  of i n e r t i a  and hence t h e  e q u a t o r  d e f i n e s  a 
p r i n c i p a l  reference p lane  of the l i b r a t i o n .  Th i s  as- 
sumption i s  n o t  i n  accord w i t h  Lunar O r b i t e r  d a t a  
a n a l y s i s ,  and t h e '  t r u e  " l a t i t u d e  s e p a r a t i o n "  i s  l a r g e r  
t han  t h r e e  deg rees .  The LURE p o s i t i o n  paper  i m p l i e s  
t hen ,  tha t  t h e  l a t i t u d e  s e p a r a t i o n  of the a r r a y s  i s  
v i t a l  t o  experiment  success .  This  would mean t h e  
p o s s i b i l i t y  of a s t r o n g e r  LR3 team requi rement  f o r  
s i t e  s e l e c t i o n  - a wholly new development. 

- t P o s t s c r i p t :  
! 

The above l e t t e r  and at tachment  w e r e  w r i t t e n  t o  assess 
t h e  LURE team p o s i t i o n  p re l imina ry  d r a f t  a v a i l a b l e  ( J u l y  1 5 ,  1 9 7 0 ) .  
A fj.na1 v e r s i o n  of t h e  LURE team p o s i t i o n  wi th  a ,covering l e t t e r  
by D r .  J .  F a l l e r  wzs transm<-t-ted t o  D r .  R .  A .  Pe1:rone on J u l y  30, 
1s 7 0 -  
i 111p o x i- a j-1 'C 12 o i. 1-1 t .c; : 

Thc: posi.tio11 paper scsemhIcr, thc d r n f  ir. cxccpt f o r  a few 

(a )  T h e  statement that t h e  t h i r d  a r r a y  is cssenLial -io a l l  
of t h e  expcrimenl: s c i e n c e  has been del-eted. 
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(b) The p o s s i b l e  J O  refl .ec,or l a  
a l t e r e d  from ' ' tens of meters" 

. i t u d e  errors have been 
t o  " s e v e r a l  meters. 'I 

(c) The dol.lar e s t i m a t e s  of s av ings  due t o  a l a r g e  a r r a y  
have been d e l e t e d .  

(d)  Paragraphs 6 and 7 g i v e  a s k e t c h  of t h e  importance of 
p o l a r  moti.oii and length-of-day measurements , couched 
i n  s imple  s c i e n t i f i c  terms, b u t  no c la ims  a r e  made 
w i t h  r e s p e c t  t o  a t h i r d  a r r a y  o r a n  en la rged  a r r a y .  

(e) The s t a t e m e n t  "There are s t r o n g  s c i e n t i f i c  r easons  
for  p l a c i n g  t h e  t h i r d  r e t r o r e € l e c t o r  a r r a y  on t h e  moon 
a t  a l o c a t i o n  s u b s t a n t i a l l y  away froin t h e  ecpator" i s  
new and welcomc. The team p o s i t i o n  i s  now more l o g i c a l ,  
c o n s i s t e n t ,  and focused. 

(f) I n  g e n e r a l  t h e  f i n a l  p o s i t i o n  appears  somewhat muted 
compared t o  t h e  d r a f t ,  b u t  s t r o n g e r  and s h a r p e r .  There 
has  been a p e r c e p t i b l e  s h i f t  t o  subnanosecond ranging  
as t h e  main j u s t i f i c a t i o n  f o r  t h e  new l a r g e r  a r r a y .  

The above changes a r e  welcome i n  t h a t  t hey  t e n d  t o  a g r e e  
w j - t h  some of t h e  p o i n t s  1 make i n  t h e  1-etter and i n  t h e  appendix.  
However, I ain t r a n s m i t t i n g  m y  text u n a l t e r c d  s i n c e  t-he subs  tan t j -ve  
p o s i t i o n  of t h e  team bas no t  s h i f t e d  much from t h e  d r a f t  p o s i t i o n .  
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APPENDIX I 

A .  I n t r o d u c t i o n  - 
The purpose of t h i s  appendix i s  t o  l i s t  t h e  o p t i o n s  

Before a v a i l a b l e  t o  MAL rega rd ing  a n  LR3 a r r a y  on Apollo 15. 
a r r i v i n g  a t  t h i s  l i s t  w e  b r i e f l y  examine t h e  experiment  
o b j e c t i v e s ,  a r r a y  requirements ,  p r e s e n t  s t a t u s ,  and examine 
t h e  claims made f o r  t h e  new a r ray .  S e c t i o n  B is devoted t o  
a b r i e f  review of t h e  experiment,  i nc lud ing  i t s  s e v e r a l  objec- 
t i v e s  and t h e  d a t a  needed f o r  each ,  t h e  planned observ ing  
program t o  supply t h e s e  d a t a  and f i n a l l y  t h e  p r e s e n t  s t a t u s  of 
t h e  ground s t a t i o n s  and t h e  s c i ence  r e s u l t s .  S e c t i o n  C examines 
t h e  f u n c t i o n a l  dependence of t h e  laser ranging  r e t u r n  s i g n a l  on 
t h e  parameters  of an en larged  a r r a y .  S e c t i o n  D l i s ts  t h e  
d e t a i l e d  arguments f o r  a t h i r d  a r r a y  a s  well as f o r  enlargement  
of i t s  s i z e  and d i s c u s s e s  e a c h  of  t hese .  The l i s t  of o p t i o n s ,  
ensuing  from t h e s e  c o n s i d e r a t i o n s ,  fo l lows  i n  t h e  c l o s i n g  
S e c t i o n  E. 

B. B r i e f  Review o f  t h e  LR3 Experiment 

B ( a )  Ob jec t ives  , 

The proposed o b j e c t i v e s  of t h e  experiment  a r e  
(Reference 4 ( a ) )  " ( a )  luna r  s i z e  and o r b i t ,  (b)  motion of 
t h e  moon about  i t s  center of g r a v i t y ,  (c) geophys ica l  
i n fo rma t ion ,  (d)  r e l a t i v i t y  experiments ,  (e) reckoning of 
Ephemeris T i m e ,  ( f )  landing s i t e  l o c a t i o n ;  car tography;  
p a s s i v e  marker t o  a i d  i n  manned l and ings . "  The b a s i c  expe r i -  
ment d a t a  i s  t h e  p r e c i s e  range i n  l igh t -seconds  from an 
observ ing  s t a t i o n  t o  a p a r t i c u l a r  co rne r  a r r a y  on t h e  moon, 
w i t h  an accuracy of 1 / 2  p a r t  p e r  b i l l i o n ,  as a f u n c t i o n  o f  
atomic c lock  t i m e .  So f a r  t w o  permanent observ ing  s t a t i o n s  
have been a v a i l a b l e .  Objec t ives  (e) and (f) a r e  app l i ca -  
t i o n s ,  (d) comes very l a t e  and r e q u i r e s  t h e  ( r e s i d u a l s  of  
t h e )  completion of (a)  and ( b ) .  Objective ( c ) ,  t e r res t r ia l  
geophys ica l  experiments ,  r e q u i r e s  only  one l u n a r  a r r a y  b u t  
s e v e r a l  ground s t a t ions  t o  measu re  t h e  p h y s i c a l  l i b r a t i o n s  
of t h e  e a r t h ,  Chandler Wobble, l eng th  of day, e t c . ,  and 
c o n t i n e n t a l  d r i f t .  For c o n t i n e n t a l  d r i f t  measurements t h e  
mutual s e p a r a t i o n s  of many ground s t a t i o n s  on every  c o n t i n e n t  
m u s t  be  measured very  a c c u r a t e l y  every y e a r  f o r  many y e a r s ,  
a very s p e c i a l i z e d  and s e p a r a t e  t a s k ,  r e q u i r i n g  only l i m i t e d  
ranging oppor+i in i t ies  and r e l a t i v e l y  modest ground f a c i l i t i e s  
(no need t o  range i n  worst-case c o n d i t i o n s ) .  All t h e  objec-  
t i v e  (c) measurements need be made only  a t  two ( o r  t h r e e )  
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prime, w e l l  equipped, s t a t i o n s  which w i l l  supply t h e  
c o n t i n e n t a l  d r i f t  s t a t i o n s  w i t h  a l l  a r r a y  d e t a i l s  and 
p r e c i s e  ranging  (and guid ing)  p r e d i c t i o n s .  A s i n g l e  
en la rged  l u n a r  a r r a y  would permi t  u s e  of even more modest 
c o n t i n e n t a l  d r i f t  s t a t i o n s .  

Ob jec t ives  (a)  and (b)  s tudy  t w o  s u b s t a n t i a l l y  
independent  l u n a r  motions (motion of t h e  c e n t e r  of g r a v i t y  
and motion about  t h e  cen te r  of g r a v i t y )  b u t  t h e s e  cannot  
be independent ly  e x t r a c t e d  from t h e  s i n g l e  da ta  parameter ,  
range.  The second l u n a r  a r r a y ,  t h e r e f o r e ,  w h i l e  no t  abso- 
l u t e l y  mandatory f o r  experiment s u c c e s s ,  w i l l  obvious ly  
have a s i g n i f i c a n t  impact on t h e  d a t a  a n a l y s i s ,  i n  t e r m s  
of ease, uniqueness ,  and c r e d i b i l i t y .  The second s t a t i o n ,  
by supply ing  i n  p r i n c i p l e  t h e  c a p a b i l i t y  f o r  d i f f e r e n t i a l  
ranging ,  w i l l  make t h e  achievement of o b j e c t i v e  ( b )  much 
more s e c u r e  and by s u b t r a c t i o n  permi t  o b j e c t i v e s  ( a ) ,  and 
hence (c) t o  be accomplished. A t h i r d  a r r a y  on t h e  moon 
would undoubtedly add t o  t h e  s c i e n c e  r e t u r n  of t h e  LR 
exper iment ,hu t  t h e  increased  r e t E r n  would c l e a r l y  net be 
as s u b s t a n t i v e  as t h e  a d d i t i o n  of t h e  second a r r a y  and would 
c o n t r i b u t e  only  t o  o b j e c t i v e  (b )  and - n o t  t o  t h e  g e n e r a l  
s o l u t i o n  of ( a )  and (c) . 

3 

B (b) Observing Program 

When t h e  prime ground s t a t i o n  becomes o p e r a t i o n a l ,  it 
i s  planned t o  range on the  l a r g e s t  deployed. a r ray  t h r e e  t i m e :  
each day of t h e  month ( fou r  hours  b e f o r e ,  d u r i n g ,  and f o u r  
hour s  a f t e r  mer id ian  passage) f o r  about  e i g h t  y e a r s  (about  
100 obse rva t ions  p e r  month or  t e n  t i m e s  t h e  c u r r e n t  o p t i m i s t i c  
estimates of 1 2  t o  1 5  p e r  month). (Reference 4 ( d )  .)  Ranging 
on t h e  a u x i l i a r y  a r r a y s  w i l l  be  c a r r i e d  o u t  t w o  t o  f o u r  t i m e s  
p e r  week depending on d a t a  needs (Reference 6 ) .  Kaula has  
cons idered  t h e  requirements  f o r  frequency of o b s e r v a t i o n  by 
laser  t r a c k i n g  of t h e  moon (Reference 4 ( b )  page 2 )  and con- 
c luded  t h a t  " t h e  a b s o l u t e  minimum frequency of o b s e r v a t i o n  
i s  weekly." Then he  adds " t r a c k i n g  a t  t h e  a b s o l u t e  minimum 
frequency of one n i g h t  a week would only improve knowledge of 
t h e  l a r g e r  e f f e c t s  of more than  +1 m e t e r  ampli tude:  t h e  
l u n a r  motion and l i b r a t i o n .  However, t h e s e  phenomena a r e  
almost e n t i r e l y  g r a v i t a t i o n a l  and r i g i d  body i n  t h e i r  p h y s i c s ,  
and e s s e n t i a l l y  less important  than t h e  v a r i a t i o n s  i n  t h e  
e a r t h ' s  r o t a t i o n ,  which involve  less w e l l  understood mater ia l  
imper fec t ions ,  ocean loading ,  and energy in t e rchanges  between 
atmosphere and c r u s t  or core  and mantle .  T o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  s o l u t i o n  of t h e s e  l a t t e r  problems, t h e  
l a s e r  ranging  observing frequency m u s t  be n i g h t l y .  I' 
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N o t e  t h a t  t h e  amplitude of t h e  l u n a r  t i d e s  i s  expec ted  
t o  be  about  0 . 4  m (Reference 2 ) .  

B (c) P r e s e n t  S t a t u s :  Ground S t a t i o n s  - 
1. The CRL s t a t i o n  of D r .  D. Eckhardt  a t  Tucson 

acqu i red  s e v e r a l  good r e t u r n s ,  a l l  i n  f i v e  minutes on 
September 2 ,  1 9 6 9 .  It has recorded  no r e t u r n s  b e f o r e  o r  s i n c e .  
The problems encountered by t h e  CRL s t a t i o n  i n c l u d e  weather ,  
l aser  r e l i a b i l i t y ,  bad c a v i t y  des ign  n e c e s s i t a t i n g  t o t a l  
r e d e s i g n  and rework ,  a pending move t o  a new mountain t o p ,  
and an unresolved t iming  anomaly which p u t s  an odd s p i k e  i n  
t h e  range r e t u r n  histogram. The s t a t i o n  can f i r e  150 s h o t s /  
one day run  and is now i n  t h e  experiment  debugging s t a g e ,  
a t t empt ing  t o  i d e n t i f y  and resolve i t s  major problems. 

D r .  Bender ques t ioned  Eckhardt  a t  l e n g t h  a t  t h e  r e c e n t  
LURE meeting and seemed t o  conclude t h a t  t h e  CRL r e t u r n  
should  be a t  l e a s t  as good as McDonald, i . e . ,  25% under idea l  
c o n d i t i o n s .  (The CRL s t a t i o n  has good beam divergence ,  good 

i t s  f i l t e r  compared t o  the McDonald f i l t e r ,  an o p t i c a l  
e f f i c i e n c y , a  f a c t o r  of two l a r g e r  than  t h a t  of McDonald due 
t o  fewer aluminum s u r f a c e s  i n  t h e  o p t i c a l  beam p a t h ,  a col- 
lector area which is  one- th i rd  t h a t  of  McDonald, and be t te r  
as t ronomica l  s e e i n g . )  Seeing i s  okay. "We d o n ' t  need good 
s e e i n g ,  w e  j u s t  need good v i s i b i l i t y . "  

_ .  t iming  hardware,  a f a c t o r  of two l a r g e r  t r ansmiss ion  f o r  

I do n o t  expec t  much rea l  p r o g r e s s  from CRL b e f o r e  6 
t o  1 8  months, i n  any case ,  no s c i e n c e  r e s u l t s  b u t  p o s s i b l y  
a r ea l  wel l -a t tes ted a c q u i s i t i o n .  

I would a lso no te  t h a t  t h e  CRL s t a t i o n  i s  a t e s t  case 
f o r  modest ground s t a t ions ,  f o r  i t s  e n t i r e  c a p i t a l  c o s t  i s  
only about  $ 1 0 0  K.  Therefore ,  if t h e  CRL s t a t i o n  can be made 
t o  work, it may never  be  necessary t o  use  one meter ( 4 0 " )  
t e l e s c o p e s  f o r  ground s t a t i o n s .  

2. The McDonald s t a t i o n  of D r .  D.  C u r r i e  a t  F o r t  Davis,  
Texas,  acqu i r ed  about  e i g h t  a c q u i s i t i o n s  i n  i t s  f i r s t  e i g h t  months 
of o p e r a t i o n ,  and a t  least one more i n  t h e  month of  June ,  1970.  
E. C. S i l v e r b e r g ,  t h e  LURE Pro jec t  S c i e n t i s t  a t  McDonald, w r i t e s  
(Reference 6 ,  A p r i l ,  1 9 7 0 )  " I n  order t o  g e t  b e t t e r  l i f e t i m e  
f r o m  t h e  rubies w e  have lowered t h e  average laser power t o  
t h r e e  j o u l e s .  I' "The Mulholland ephemeris only missed by about  
300  nanoseconds on t h e  recognizable  a c q u i s i t i o n s  i n  A p r i l .  
"AS of a month ago I was beginning t o  make up contingency 
p l a n s  f o r  some d r a s t i c  s t e p s  if w e  d i d  not  h i t  t h e  co rne r  
soon." On March 1 5 ,  1 9 7 0 ,  t h e  system w a s  c l o s e  t o  s p e c i f i c a -  
t i o n  and g o t  lL% r e t u r n s  on 350 s h o t s  wi th  1 -2  a r c s e c  see ing .  
On May 7, 1 9 7 0 ,  S i lve rbe rg  w r i t e s  " P r i o r  t o  A p r i l  1 t h e  laser  
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system had never  acqu i r ed  t h e  co rne r  r e f l e c t o r  on more 
t h a n  one run  on any one day.--- On t h e  f o u r  days f o l -  
lowing A p r i l  1 2  w e  made e i g h t  d e f i n i t e  a c q u i s i t i o n s  wi th  
one more p o s s i b l e .  T h i s  is more d a t a  than  w e  w e r e  a b l e  
t o  recognize  i n  t h e  e n t i r e  p e r i o d  from October t o  March 
w i t h  t h e  Korad l a s e r .  - - -pr imari ly  t h e  r e s u l t  of new 
range  tapes.--- Any improvement i n  t h e  p r e d i c t i o n  ranges 
(down t o  t h e  one microsecond l e v e l )  w i l l  always be re- 
f lected i n  more data.--- The successes  l a s t  month led 
t h e  crew t o  a n t i c i p a t e  an a c q u i s i t i o n  on any c lear  n i g h t  
when t h e  s e e i n g  i s  t h r e e  arcseconds or bet ter ."  I n  June ,  
1970 one a c q u i s i t i o n  was r e p o r t e d ,  3% r e t u r n s  a t  one arc- 
second s e e i n g  (25 r e t u r n s  i n  750 s h o t s ) .  On J u l y  3 ,  1970 
S i l v e r b e r g  w r i t e s  " C e r t a i n l y ,  m o s t  everyone expected t h a t  
t h i s  f i r s t  y e a r  would produce a l o t  more than  30 a c q u i s i -  
t i o n s . "  I n  e s t i m a t i n g  f u t u r e  d a t a :  "Using t h e  f i r s t  y e a r  
as a guide ,  ---we might produce about 1 2  t o  15 a c q u i s i t i o n s  
a month on about  s i x  t o  e i g h t  s e p a r a t e  days.  I f u l l y  
r e a l i z e  t h i s  i s  f a r  below some of t h e  o t h e r  estimates 
made---." I n  t h e  p a s t  estimate have always exceed r e s u l t s .  

Regarding March 15, 1 9 7 0 ,  S i l v e r b e r g  w r i t e s  "During 
t h e  best  run  of 50 s h o t s  w e  had 1" see inq ,  0.7% r e c e i v e r  
e f f i c i e n c y  and were p u t t i n g  t h r e e  j o u l e s  p e r  s h o t  i n t o  the 
t e l e scope ,  W e  received 1 3  r e t u r n s . "  i . e . ,  2 6 %  r e t u r n s ,  
a level never  achieved be fo re  o r  s i n c e .  Most r e t u r n s  are 
i n  t h e  f i r s t  q u a r t e r ,  and none i s  e v e r  r ece ived  between . 
9 a . m .  and 3 p.m., a bad d a t a  d i s t r i b u t i o n  f o r - s c i e n c e ,  
below t h e  Kaula minimum of one o b s e r v a t i o n  every week. 

McDonald, t h e r e f o r e ,  cannot  be cons idered  "opera- 
t i o n a l "  as f a r  as s c i e n c e  d a t a  i s  concerned, and much more 
debugging, perhaps  a yea r  more, i s  needed b e f o r e  w e  s ta r t  
c o l l e c t i n g  u s e f u l  r e s u l t s .  The debugging should  accelerate, 
s i n c e  more t r i a l s  can be made if some data  i s  r e t u r n e d ,  
b u t  a t  t h e  p r e s e n t  l o w  da t a  levels  debugging must be pa in-  
f u l l y  s l o w .  McDonald problems i n c l u d e  weather ,  remarkably 
poor s e e i n g  ( e s p e c i a l l y  l o c a l  s e e i n g )  , l aser  r e l i a b i l i t y ,  
range p r e d i c t i o n s ,  range t a p e  t r u n c a t i o n  e r r o r s  and t a p e  
read problems, computer gu id ing  of  t e l e s c o p e ,  o p t i c a l  a l i g n -  
ment, o p t i c a l  e f f i c i e n c y ,  one-stop coun te r ,  p r e - l a s e  
problems, etc. Cur ren t ly  t h e  laser  i s  s h u t  down a f t e r  f i v e  
confirmed r e t u r n s  a r e  r e p o r t e d , i n  order t o  save  laser  rods  
which a r e  only good f o r  about , 4 0 0 0  s h o t s .  

I do n o t  believe t h a t  McDonald has  completed i t s  
shakedown c r u i s e  y e t ,  b u t  D r .  Bender  has  remarked t h a t  only 
a f a c t o r  of t w o  improvement i n  McDonald r e t u r n  i s  l i k e l y ,  a 
f a c t o r  of t e n  very doubt fu l .  
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B ( d )  P r e s e n t  S t a t u s :  Science 

A t  t h e  r e c e n t  AGU meeting i n  A p r i l ,  D r .  C .  0. Al ley  
r epea ted  t h e  same i n v i t e d  paper  h e  had g iven  one y e a r  
e a r l i e r ,  b e f o r e  t h e  Apollo 11 land ing ,  s ave  f o r  one ad- 
d i t i o n a l  s l i d e  which r epor t ed  about  f o u r  a c q u i s i t i o n s .  

D a t a  a n a l y s i s  s o  f a r  has  r e s u l t e d  i n  new coord ina te s  
f o r  t h e  Lick (and poss ib ly  a l s o  McDonald) ground s t a t i o n s ,  
which d i f f e r  by s e v e r a l  meters from t h o s e  p r e v i o u s l y  
a v a i l a b l e .  The s c i e n t i f i c  impact of t h e s e  r e s u l t s  i s  n o t  
expec ted  t o  be l a r g e .  To my knowledge no f u r t h e r  r e s u l t s  
have been r e p o r t e d  t o  d a t e  and I would n o t  expec t  much 
f r o m  t h e  a v a i l a b l e  d a t a .  

C.  Dependence of Laser  Return S i g n a l  S t r e n q t h  on Telescope 
Aper tu re  

The formula f o r  t h e  r e t u r n  s i g n a l  ( i . e . ,  t h e  number of 
pho toe lec t rons  r ece ived)  i n  t h e  LR 3 experiment i s :  

cons t an t  (Nu + 3Nc)D 2 
r e t u r n  s i g n a l  = h 

2 -- , '  ? ) 2  
' - s e e i n g  + ('laser D 

where A =  

- D 1  - 

D =  

Nu = 

N c  = 

- - 
-'laser 

- - 
s e e i n g  8 

c o n s t a n t  = 

wavelength of ruby l i g h t ,  6 9 4 . 3  nm 

diameter  of l a s e r  o s c i l l a t o r  rod ,  1 9  mm 

d iameter  of t r a n s m i t t i n g - r e c e i v i n g  t e l e s c o p e  

number of uncoated cube-corners r e f  lectors  i n  t h e  
l u n a r  a r r a y  

number of s i l v e r e d  cube-corner r e f l e c t o r s  i n  t h e  
l u n a r  a r r a y  

angu la r  divergence (ha l f - ang le )  of t h e  laser beam 
l e a v i n g  t h e  l a s e r  rod 
t h e  minimum angular  diameter  of a laser  beam t h a t  
has  passed through t h e  atmosphere,  t y p i c a l l y  12v r a d  
( 2 . 5  a r c s e c )  * 

~~ ~ 
- 

i n c l u d e s  a l l  o t h e r  e f f e c t s  s u c h  as t h e  e f f i c i e n c y  of 
photomul . t ipl ier ,  t h e  laser pulse energy, norma l i za t ion ,  
thermal  degrada t ion  of a r r a y ,  o f f - a x i s  deg rada t ion  due 
t o  L i b r a t i o n s ,  e t c .  

*But g e n e r a l l y  worse a t  McDonald (see f i g u r e ) .  
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N o t e  t h a t  f o r  " l a r g e  see ing"  ( e s e e i n g  ' 2 e l a s e r  D1/D) 

t h e  r e t u r n  s i g n a l  s c a l e s  d i r e c t l y  as t h e  squa re  of t e l e s c o p e  
a p e r t u r e ,  D ,  wh i l e  f o r  ' ' s m a l l  s ee ing"  it scales as t h e  f o u r t h  
power of D. 

For  t h e  fo l lowing  I w i l l  assume t h a t  t h e  LR3 experiment  
- w a s  des igned  t o  g e t  a r e t u r n  50% of t h e  t i m e  (worst  case) when 

a 150 c m  ( 6 0 " )  t e l e s c o p e  and t h e  Apollo 11 luna r  a r r a y  are used. 
For  example, t h e  CRL f a c i l i t y  should  achieve  t h i s  performance. 
Then accord ing  t o  t h e  above formula t h e  McDonald 272  c m  (107") 
t e l e s c o p e  should  have a r e t u r n  11 t i m e s  g r e a t e r  t han  t h e  
r e f e r e n c e  des ign ,  i . e . ,  1 0 0 %  r e t u r n s .  A 9 0  c m  ( 3 6 " )  t e l e s c o p e  
would have a r e t u r n  by a f a c t o r  (150/90)4 = 7 .9  t i m e s  smaller 
t h a n  t h e  150 c m  t e l e s c o p e .  Thus, a 90  c m  ( 3 6 " )  t e l e s c o p e  can 
be used f o r  ranging  on t h e  Apollo 11 a r r a y ,  b u t  would g e t  a r e t u r n  
only  5.3% of t h e  t i m e  du r ing  those  worst-case c o n d i t i o n s ,  when 
t h e  150 c m  ( 6 0 " )  t e l e s c o p e  g e t s  only a 50% r e t u r n .  An improve- 
ment of about  67% ( f o r  t h e  wors t  case) i s  planned f o r  t h e  Apollo 1 4  
a r r a y ,  by a l t e r i n g  t h e  r e c e s s i n g  arrangements of t h e  c o r n e r s ,  so 
t h a t  a 90  c m  t e l e s c o p e  would g e t  a r e t u r n  about  1 0 %  of t h e  t i m e  
( w o r s t  c a s e )  u s ing  t h e  Apollo 1 4  t a r g e t .  A 10% r e t u r n  i s  

probably  margina l ,  excep t  f o r  a c o n t i n e n t a l  d r i f t  s t a t i o n  where 
e x c e l l e n t  range and guidance p r e d i c t i o n s  are  a v a i l a b l e  and no 
s e a r c h  or  p re l imina ry  a c q u i s i t i o n  problems a r e  involved.  I t  i s ,  
however, n o t  clear whether c o n t i n e n t a l  d r i f t  s t a t i o n s  should  o r  
would o p e r a t e  under "worst  case" c o n d i t i o n s .  A 300  (uncoated)  
c o r n e r  a r r a y  should  g i v e  a 30% r e t u r n  ( w o r s t  case) f o r  a 90  c m  
t e l e s c o p e ,  a more comfortable  margin. 

I n  t h e  absence of hard exper imenta l  d a t a  from t h e  t w o  
ground s t a t i o n s ,  t h e  above numbers a r e  only  i l l u s t r a t i v e  b u t  ap- 
pear t o  be  r e a l i s t i c .  These numbers appear  a l s o  t o  be  c o n s i s t e n t  
w i t h  t h o s e  of D r .  F a l l e r , s i n c e  he has  sugges ted  t h a t  a f a c t o r  of 
f i v e  improverent  i n  t h e  LR3 a r r a y  (a f a c t o r  of 1 . 7  improvement 
by r e c e s s i n g  t h e  corners and a f a c t o r  of t h r e e  by i n c r e a s i n g  
t h e  number of c o r n e r s )  would make ranging  w i t h  a 90  c m  t e l e s c o p e  
p o s s i b l e .  The p o i n t 1  wish t o  emphasize h e r e  i s  t h a t  laser  
- ranging  t o  t h e  Apollo 11 a r r a y  w i t h  a 9 0  c m  t e l e s c o p e  i s  p o s s i b l e  
now and i s  c e r t a i n l y  - n o t  precluded by any t h r e s h o l d  p rocess .  

-___- 
However, it may be found i n  a c t u a l  o p e r a t i o n s  t h a t  t h e  

s i g n a l  r e t u r n  i s  c r i t i c a l l y  low and too margina l  f o r  r o u t i n e  
o p e r a t i o n .  I n  such cases t h e  t e l p s c o p e  guidance system may be  
more impor t an t  than  t h e  s i z e  of a p e r t u r e  a v a i l a b l e ,  i . e . ,  t h e  
number of u s a b l e  93 c m  t e l e scopes  may be s m a l l .  I t  i s  clear t h a t  
c o n t i n e n t a l  d r i f t  s t u d i e s  could be u s e f u l l y  conducted i n  t h e  
remote P a c i f i c  VIhere observing f z r i l i t i e s  ( o p t i c a l  a l ignment ,  
e t c . )  may n o t  be optimum. N e v e r t h e l e s s ,  t h e  p roposa l  f o r  a 300  
c o r n e r  a r r a y  should be based on an a n a l y s i s  of t h e  r e t u r n  s i g n a l  
margins now known t o  be a v a i l a b l e l o r  p r o j e c t e d ,  and an  estimate 

I 
I 
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of t h e  e x t e n t  and frequency of obse rv ing ,  e s p e c i a l l y  t h e  worst-  
case ranging ,  r e q u i r e d  t o  perform t h e  l i m i t e d  number of measure- 
ments needed- for  c o n t i n e n t a l  d r i f t .  Such ana lyses  should  be 
r eques t ed .  

D. Apollo 1 5  Array 

D ( a )  Arguments fo r  a Third Airray: D r .  J .  F a l l e r  (Reference 1) 
Gives t h e  LURE T e a m ' s  argument as fo l lows  

A l :  - F u l l y  check l u n a r  l i b r a t i o n s  theo ry ,  i n c l u d i n g  f ree  
l i b r a t i o n s  of t h e  moon (Chandler Wobble) and e f f e c t s  of f l u i d  
core (emphasize f u l l  check so t h r e e  and only  t h r e e  a r r a y s  
needed) 
A 2 ( a ) :  Apollo 11 and 1 4  a r r a y s  w i l l  n o t  g i v e  good r e s o l u t i o n  
on l a t i t u d i n a l  motions ( t ens  of m e t e r s  errors perhaps)  , and 
t w o  o r d e r s  of magnitude increase i n  ephemeris accuracy i s  needed 

A2  (b )  : T o  r e l i a b l y  determine t h e  geophys ica l  and dynamical g o a l s  
of t h e  experiment 

- A3:  May be  a b l e  t o  d iscover  f r e e  l i b r a t i o n s  of t h e  moon 
(Chandler Wobble) i n  t h r e e  a r r a y  d a t a  (see a l so  Al) 

- A4: May make it p o s s i b l e  t o  s e p a r a t e  o u t  and q u a n t i f y  t h e  l u n a r  
t i d e s  

- A5: "A t h i r d  a r r a y  i s  p e r t i n e n t  f o r  and e s s e n t i a l  t o  a l l  t h e  
s c i e n c e  t h a t  i s  t o  be obta ined"  

Comments on t h e  reasons f o r  a t h i r d  array: as a g e n e r a l  
comment t h a t  t h e  reasons a r e  s t a t e d  i n  very  fuzzy non- 
q u a n t i t a t i v e  t e r m s ,  unsupported by any, n o t  even q u a l i t a t i v e ,  
arguments. My s p e c i f i c  comments a r e  i n  t h e  o r d e r  of t h e  arguments: 

C1: I sugges t  t h a t  t h e  s o l e  purpose of t h e  t h i r d  a r r a y  i s  t h e  
s tudy  of t h e  p h y s i c a l  l i b r a t i o n s  of t h e  moon. D r .  F a l l e r  has  
inc luded  i n  t h i s  t h e  p o s s i b l e  l i b r a t i o n s  of a moon w i t h  a f l u i d  
core and t h e  Chandler Wobble ( f o r c e - f r e e  p h y s i c a l  l i b r a t i o n s )  
of  t h e  moon. I n  h i s  recent review a r t i c l e  on t h e  l u n a r  g r a v i t a -  
t i o n  f i e l d ,  a co- invest igator ,Professor  Kaula (Reference 2), con- 
c ludes  t h a t  t h e  l i b r a t i o n  parameters  (C-A) /B and (B-A) /C (where 
A,  B ,  and C are  t h e  luna r  moments of i n e r t i a )  are a l r e a d y  known 
t o  +0.1% and +2.5& r e s p e c t i v e l y ,  which appears  t o  be " q u i t e  ac- 
c u r z t e  enough-to i n f e r  t he  m a s s  d i s t r i b u t i o n "  of t h e  moon. Kaula 
then  mentions the LR experiment a s  a sou rce  of improved l i b r a t i o n  
d a t a  t o  determine if a non-r igid moon w o u l d  have a p e r c e p t i b l e  
e f f e c t  on l i b r a t i o n .  He e s t i m a t e s  t h e  e f f e c t  of a f l u i d  co re  of 
h a l f  t h e  1un;- r a d i u s  and  f i n d s  i t  t o t a l l y  impercep t ib l e .  I 
conclude t h e r e f o r e  t h a t  t h e  l u n a r  p h y s i c a l  l i b r a t i o n s  are a 

- 

3 



.. .. 

- A-8 - 
7 

so lved  problem f o r  which t h e  LRJ experiment  can provide  
on ly  c o r r o b o r a t i o n  and t h e r e f o r e  t h e  a d d i t i o n a l  p r e c i s i o n  
o b t a i n a b l e  by a t h i r d  a r ray  (over  t h e  two-array measure- 
ments) i s  n o t  warranted by i t s  s c i e n c e  r e t u r n .  

Now Kaula uses  t h e  l i b r a t i o n  d a t a  of Koziel  who reviewed 
t h e  f r e e  l i b r a t i o n  data and concluded " t h u s ,  f o r  t h e  t i m e  
be ing ,  w e  can merely s t a t e  t h a t ,  f o r  an obse rve r  on t h e  E a r t h ,  
t h e  ampli tude of t h e  f r e e  l i b r a t i o n  i n  long i tude  i s  a q u a n t i t y  
of t h e  order of a f e w  t e n t h s  of an arcsecond ( 0 . 5  p r a d ) . "  
The f r e e  l i b r a t i o n s  are i n v a r i a b l y  determined from t h e  
r e s i d u a l s  of t h e  f o r c e d - l i b r a t i o n  measurement and have n o t  
been adequate ly  s t u d i e d  t o  d a t e ,  b u t  can probably be deter- 
mined from t h e  two-array measurements. 

A s  t o  t h e  accuracy of p h y s i c a l  l i b r a t i o n  parameter  
measurements bo th  t h e  MacDonald a r t i c l e  i n  t h e  o r i g i n a l  A l l e y  
p roposa l  (Reference 4 (a )  ) and t h e  CRL s tudy  by J u l i a n  
(Reference 3 )  p r e d i c t  about t w o  order of magnitude improvement 
fo l lowing  t h e  use  of two lunar  a r r a y s .  Bender (Reference 7 )  
p r e d i c t s  a s i m i l a r  improvement, b u t  does n o t  mention t h e  
number of a r r a y s ,  which presumably does n o t  exceed more t h a n  
t w o .  The Apollo 11 and 14 a r r a y s  are s e p a r a t e d  by only t h r e e  
degrees  ( 1 0 0  km) i n  l a t i t u d e ,  b u t  I understand t h i s  i s  adequate  
(from LR s i t e  s e l e c t i o n  r equ i r emen t s ) .  3 

C2 (a)  : J u l i a n  (Reference 3 )  no tes  t h a t  t h e  l a t i t u d i n a l  (and 
l o n g i t u d i n a l )  e f f e c t s  on t h e  l i b r a t i o n  parameter  errors are 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  l a t i t u d i n a l  (and l o h g i t u d i n a l )  
s e p a r a t i o n  of t h e  t w o  a r r a y s .  Thus t h e  r a t i o  of t h e  l a t i t u d i n a l  
t o  l o n g i t u d i n a l  p o s i t i o n  e r r o r s  should  be 4 0 / 3 .  D r .  Bender  
(Reference 7)  p r e d i c t s  t h a t ,  a f t e r  one y e a r  of ranging w i t h  
1 5  c m  accuracy,  t h e  mean r ad ius  of  t h e  l u n a r  o r b i t  w i l l  b e  
known t o  25 m and t h e  long i tude  wi th  r e s p e c t  t o  p e r i g e e  t o  
t o  0 . 0 4  prad o r  1 6  m. Thus l a t i t u d i n a l  errors of " t e n s  of  
meters'' are expected i n  any c a s e  and w i l l  n o t  be reduced 
s i g n i f i c a n t l y  by a t h i r d  a r r ay  u n l e s s  t h e  t h i r d  a r r a y  i s  con- 
s t r a i n e d  t o  l a t i t u d e s  of about 20 degrees  o r  g r e a t e r .  

C2(b) :  This  argument i s  incorrect .  The geophysics  and e a r t h  

a s i n g l e  a r r a y  on t h e  moon and a t  least  t h r e e  s imul taneous ly  
ranging  e a r t h  s t a t i o n s .  The o r b i t  of t h e  a r r a y  need be 
known, on ly  i n s o f a r  a s  it is  determined i n  o b t a i n i n g  t h e  t h r e e  
ranges .  With l e s s  than  t h r e e  ground s t a t i o n s  some l u n a r  theory  
i s  needed. Th i s  argument c o n t r a d i c t s  t h e  publ i shed  o b s e r v a t i o n  
o b j e c t i v e s .  I t  i s  intended t o  range on t h e  second and t h i r d  
a r r a y s  only a few t imes a week (Reference 5)  which, by 1:aula's 
c r i t e r i o n ,  cap only g i v e  lunar  l i b r a t i o n  and o r b i t  d a t a .  Only 
n i g h t l y  ranging  on t h e  second and t h i r d  a r r a y s  w i l l  y i e l d  data  
t h a t  can i n f l u e n c e  t h e  geophysical  a n a l y s i s .  

-dynamics of t h e  experiment can be e x a c t l y  determined us ing  
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C3:  A s  mentioned i n  C1 t h e  f ree  l i b r a t i o n s  of t h e  moon, 
i . e . ,  t h e  l i b r a t i o n s  descr ibed  by E u l e r ' s  equa t ions  of t h e  
motion of  a r i g i d  body,but w i t h  t h e  a p p l i e d  to rque  s e t  e q u a l  
t o  ze ro ,  have n o t  ' y e t  been "discovered ' '  and would be of s o m e  
real  i n t e r e s t .  T h e i r  Ear th  analogue,  t h e  Chandler Wobble, 
c l e a r l y  shows t h e  non-r igid c h a r a c t e r  of t h e  e a r t h  s i n c e  
t h e i r  r i g i d - e a r t h  pe r iod  should be  t e n  months and t h e i r  
measured pe r iod  i s  1 4  months. The wobble i s  s a i d  t o  be  cor- 
r e l a t e d  wi th  ear thquake  product ion  on e a r t h .  The l u n a r  
p e r i o d  p r e d i c t e d  i s  about 1 1 0 0  days ,bu t  t h e  measured p e r i o d  
would be unknown, so  t h e  wobble would be  hard  t o  p i c k  o u t  of  
t h e  range r e s i d u a l s  b u t  i s  u s u a l l y  t aken  as be ing  e q u a l  t o  
t h e  l i b r a t i o n  r e s i d u a l s .  A t h i r d  array,  s u i t a b l y  p l aced  ( a t  
20' l a t i t u d e ) ,  would c l e a r l y  advance t h e  wobble s t u d y ,  b u t  I 
do n o t  t h i n k  it would be e s s e n t i a l .  On t h e  o t h e r  hand, t h e  
wobble ampli tude i s  unknown, b u t  i s  expected t o  be s m a l l ,  
and t h e  t h i r d  a r r a y  could t u r n  o u t  t o  be very  u s e f u l .  

- 

- C4: D r .  Bender has  noted  t h a t  even e a r t h  t i d e s ,  f o r  example 
M 2 ,  has  shown a coas t - to-coas t  c o n t i n u i t y  ( i . e . ,  t h e i r  g l o b i l  
c h a r a c t e r )  when loca l  measurements are s u i t a b l y  c o r r e c t e d  f o r  
ocean ic  and atmospheric  loading.  F7e expec t  then  t h a t  l u n a r  
t i d e s ,  because of t h e  extremely s e i s m i c a l l y - q u i e t  moon, as 
measured by t h e  p a s s i v e  seismometer and p r e d i c t e d  by t h e  
absence of l oad ing ,  could be i n f e r r e d  f r o m  a s i n g l e  s t a t i o n  
measurement and c l e a r l y  cor robora ted  by two-array measure- 
ment. A t h i r d  a r r a y  would add l i t t l e  t o  l u n a r  t i d a l  s tudy .  

_. C5:  The e s s e n t i a l  c h a r a c t e r  of t h e  t h i r d  a r r a y  i s  appa ren t ly  
r e l a t e d  t o  t h e  f a c t  t h a t  t h r e e  Eu le r  ang le s  are r e q u i r e d  t o  
s p e c i f y  t h e  o r i e n t a t i o n  of a body wi th  r e s p e c t  t o  a space- 
f i x e d  s e t  of axes  w i t h  o r i g i n  a t  t h e  c e n t e r  of mass. Y e t  
w i t h  a twenty-parameter (Reference 8 )  l u n a r  theory  t h i s  n o t i o n  
may be somewhat naive, and indeed D r .  Mulholland e x p l i c i t l y  
avoids  t h i s  language. D r .  Mulhol land ' s  ephemeris f o r m s  t h e  
basis f o r  t h e  experiment,  s i n c e  t h e  fundamental d a t a  are  t h e  
r e s i d u a l s  f r o m  h i s  p r e d i c t e d  ranges.  I do n o t  have h i s  w r i t t e n  
d a t a  a n a l y s i s  p l a n ,  b u t  as I unders tand  h i 9  he makes use  of  a 
c o e f f i c i e n t  m a t r i x  f o r  t h e  d e l t a s  of t h e  twenty parameters  
f r o m  t h e i r  e s t a b l i s h e d  va lues ,  t h e  r e s i d u a l s  being f i t t e d  t o  
de te rmine  t h e  d e l t a s .  H e  t h e n  speaks of t h e  t h i r d  a r r a y  as 
necessary  t o  gua ran tee  t h a t  t h e  m a t r i x  i s  n o t  i l l - c o n d i t i o n e d  
and hence accep tab le  s o l u t i o n s  of l o w  error are p o s s i b l e .  
This  exp lana t ion  t o t a l l y  obscures  o r  o b v i a t e s  t h e  unique 
c h a r a c t e r  of t h e  three-and-only-three argument. The LURE t e a m  
d i d  n o t  supply an e r r o r  estimate f o r  t h e  two-array experiment 
and t h e  th ree -z r r ay  experiment a s  r eques t ed .  

F a l l e r  and Wample agree t h a t  LR3 theory  i s  complex 
(Reference 9 ) .  "It i s  not  obvious,  however, how i n  t h i s  
procedure one can s e p a r a t e  in fo rma t ion  about  t h e  moon from 
informat ion  about  t h e  ear th .  One can imagine,  f o r  example, 
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t h a t  sone  unexpected wobble i n  t h e  e a r t h ' s  r o t a t i o n  (or 
a movement of one of t h e  s u r f a c e  p l a t e s )  might be i n t e r -  
p r e t e d  as a p e r t u r b a t i o n  i n  t h e  moon's motion. This  i s  
n o t  t h e  p l a c e  t o  e x p l o r e  how such p o s s i b i l i t i e s  can be 
d i sen tang led .  S u f f i c e  it t o  say  t h a t  good methods f o r  
s e p a r a t i n g  l u n a r  f r o m  geophysical  e f f e c t s  are b e l i e v e d  t o  
e x i s t .  With data  from f o u r  o r  more obse rv ing  s t a t i o n s  a t  
well-chosen l o c a t i o n s ,  one can a l so  s e p a r a t e  l o c a l  abe r ra -  
t i o n s  such as c o n t i n e n t a l  d r i f t  from motions of t h e  e a r t h  
as a whole.'' 

I t h e r e f o r e  conclude t h a t  t h e  e s s e n t i a l  c h a r a c t e r  of 
t h e  t h i r d  a r r a y  i s  n o t  apparent  and c e r t a i n l y  has  n o t  been 
demonstrated.  

D ( b )  . Arguments f o r  an Enlarged Array 

D r .  F a l l e r  (Reference 1) has g iven  t h e  fo l lowing  
arguments f o r  an  en la rged ,  300  c o r n e r ,  a r r a y  ( a  r e t u r n  f o u r  
t i m e s  l a r g e r  t han  t h e  Apollo 11 a r r a y ) :  

A 1 0 :  - Astronomical s e e i n g  a t  McDonald i s  much worse t h a n  
a n t i c i p a t e d  and so t h e  l a r g e  a r r a y  i s  needed i f  t h e  b a r e  
minimum of t e n  returns/month evenly d i s t r i b u t e 4  i s  t o  be  
a t t a i n e d  . 
A l l :  - I n t e r n a t i o n a l  s tudy  of c o n t i n e n t a l  d r i f t  might be 
g r e a t l y  a ided  by t h e  l a r g e  a r ray ,  s i n c e  wi th  i t s  use smaller,  
one m e t e r ,  t e l e s c o p e s  could g e t  a r easonab le  r a t e  of r e t u r n .  

A 1 2 :  - Savings of $ 3 0 0  K t o  $ 5 0 0  K p e r  y e a r  on o p e r a t i o n  of 
t w o  primary and several  secondary ground s t a t i o n s .  

A 1 3 :  - Free ing  of l a r g e  1 0 7 "  t e l e s c o p e s  f o r  o t h e r  as t ronomica l  
observ ing  t a s k s .  

A14 :  - .  Futu re  u s e  of subnanosecond p u l s e s  t h a t  would g r e a t l y  
i n c r e a s e  range accuracy ( t o  a l o w  of 2 c m  p e r h a p s ) .  

A15: - A t h i r d  a r r a y  has  a h i g h e r  p r i o r i t y  t h a n  t h e  Shapi ro  
Radio Beacon Experiment because of t h e  l i m i t e d  l i f e  of t h e  
l a t t e r  and i t s  o p t i m i s t i c  accuracy claims.  

- A 1 6 :  If an American a r r a y  on t h e  moon i s  n o t  t h e  b i g g e s t  
and m o s t  r e l i a b l e ,  and usable  a t  a l l  phase a n g l e s ,  t hen  t h e  
i n t e r n a t i o n a l  observ ing  program w i l l  u se  a n o t h e r ,  f o r e i g n ,  
a r r a y  wi th  t h e  r e s u l t i n g  l o s s  i n  science leadership. 
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My comments: 

C10:  I ag ree  t h a t  McDonald does n o t  y e t  work as w e l l  a s  
p r e v i o u s l y  hoped f o r ,  b u t  I b e l i e v e  w e  are  s t i l l  i n  t h e  
i n i t i a l  debugging phase and i n c r e a s e d  d a t a  r a t e  and a more 
even d a t a  d i s t r i b u t i o n  i s  i n e v i t a b l e  a s  expe r i ence  i s  
gained.  Seeing i s  s a i d  t o  be r e a l l y  bad, b u t  a l o w  3 8  
r e t u r n  has  been r e p o r t e d  a l s o  on e x c e l l e n t  days,  s o  o t h e r  
problems, such as alignment and guiding, are n o t  y e t  i n  hand 
(as t h e  s t a t i o n  log  s h o w s ) .  I do n o t  know what i s  wrong 
a t  McDonald, b u t  I do n o t  b e l i e v e  t h a t  on ly  30 re turns ,  
bad ly  distributes prove i t  w i l l  n o t  work a s  needed. The 
S i l v e r b e r g  r e p o r t s  c l ea r ly  sugges t  t h a t  I a m  n o t  a lone  i n  
t h i s  v i e w  and t h a t  improvements are  expected.  I do n o t  
b e l i e v e  t h a t  t h e  McDonald ranging  problems should be so lved  
a t  t h e  l u n a r  end of t h e  range. I f  hard d a t a  a r e  a v a i l a b l e  
which proves t h a t  McDonald cannot  be made t o  work, t h e n  
t h e s e  should  be  p re sen ted  and t h e  experiment f e a s i b i l i t y  
r eeva lua ted .  

_I_ 

C 1 1 :  
t h e  t h e o r e t i c a l  e s t i m a t e s ,  as i n  S e c t i o n  6 above, do n o t  
i n d i c a t e  a need f o r  a larger  a r r a y  t o  g e t  an a c c e p t a b l e  
r e t u r n  r a t e  on a one meter t e l e s c o p e .  Note a l so  t h a t  t h e  
CRL 1.5 m e t e r  s t a t i o n  is so inexpens ive  (only  $ 1 0  K f o r  
t h e  60" s p h e r i c a l  metal  m i r r o r )  t h a t  it would be unnecessary 
t o  t i e  up even a one meter o p t i c a l  t e l e s c o p e  (which has  a 
wide as t ronomica l  c a p a b i l i t y )  t o  do t h e  very s p e c i a l i z e d  t a s k  
of  laser ranging.  But aga in  al ignment  and computer gu id ing  
are probably more important  t han  a p e r t u r e  i n  ach iev ing  
r e l i a b l e  s t a t i o n  ope ra t ion ,  e s p e c i a l l y  a t  l u n a r  n i g h t .  

R e l i a b l e  r e t u r n  r a t e  d a t a  a r e  n o t  y e t  a v a i l a b l e  and - 

- C12:  
b u t  no te :  

Suggested sav ings  a r e  undocumented and perhaps i l l u s o r y ,  

(a) about  t e n  yea r s  of s av ings  a t  $300 K/year would 
j u s t  about  pay f o r  t h e  expanded a r r a y ,  s o  a long- 
t e r m  f i n a n c i a l  view i s  necessary .  

(b) l i t t l e  sav ings  can be r e a l i z e d  i f  argument 1 0  i s  
- v a l i d  and a l a r g e  a r r a y  i s  mandatory j u s t  t o  do ____ ~ . 

t h e  o r i g i n a l  experiment.  

- C13: I ag ree  t h a t  o t h e r  impor tan t  observ ing  t a s k s  can be 
found f o r  t h e  McDonald 2 . 7  meter t e l e s c o p e  ( t a s k s  which a 
" f l y ' s - e y e "  o r  metal-dish cannot  d o ) .  

C 1 4 :  Very h igh  power subnanosecond l a s e r s  a r e  i n  o p e r a t i o n  
today  (Refe rence  1 0 1 ,  bu t  t h e s e  a r e  very l a r g e  and developmental 
on ly ,  n o t  observatory- type hardware. Thus i t  i s  n o t  c o r r e c t  
t h a t  fas te r  t iming means lower laser  o u t p u t ,  and t h e  argument 
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which s u g g e s t s  w e  need a f a c t o r  of t h r e e  enhancement of 
t h e  a r r a y  because f u t u r e  poss ib l e  laser  developments may 
r e q u i r e  i t ,  i s  ques t ionab le .  The p o i n t  i s  a v a l i d  b u t  
very  minor one,and should  n o t  be confused wi th  t h e  g r e a t  
advantages of t h e  o t h e r  f a s t e r  timi.ng experiment , when it 
becomes a v a i l a b l e  and p r a c t i c a b l e .  

- C15: Val id  i n  my opin ion .  

- C16: Argument A16 i s  a v a l i d  p o i n t ,  b u t  d i f f i c u l t  t o  as- 
sess. The planned S o v i e t  and French a r r a y s  a r e  s a i d  t o  
have a r e t u r n  about  t h r e e  t i m e s  l a r g e r  t han  t h e  Apollo 11 
a r r a y .  The French o p t i c s  are coa ted  and so w e  expec t  t h a t  
thermal  deg rada t ion  w i l l  e n t a i l  some l o s t  viewing, perhaps 
even t e n  days/month. The S o v i e t  a r r a y  i s  s a i d  t o  be coa ted  
b u t  impervious t o  thermal  d i s t o r t i o n  because of a remarkably 
l o w  expansion c o e f f i c i e n t  over a remarkably wide tempera ture  
range.  The r e a l i t y  of t h e s e  p l a n s ,  t h e  r e l i a b i l i t y  of t h e  
unmanned deployment, t h e  r e l i a b i l i t y  of t h e  deployed a r r a y ,  
t h e  f u t u r e  coope ra t ion  of t h e  f o r e i g n  owner (who must t e l l  
us where t h e  a r r a y  is i f  w e  a r e  t o  observe i t) , a l l  of t h e s e  
p o i n t s  a r e  h e l d  i n  some doubt by t h e  LURE t e a m  members. 
Prudence sugges t s  t h a t  i f  a t h i r d  a r r a y  i s  needed, it must 
be American t o  a s s u r e  success .  The l e a d e r s h i p  q u e s t i o n  i s  
v a l i d ,  though m o r e  programmatic and c h a u v i n i s t i c  t han  
s c i e n t i f i c .  I t  does i n f l u e n c e  morale. 

E. L i s t  of Options A.vai1able t o  MAL 

1. Not f l y i n g  a t h i r d  LR3 a r r a y  - I know of no d e t a i l e d  

j u s t i f i c a t i o n  f o r  f l y i n g  a t h i r d  LR3 a r r a y  i n  t e r m s  of i t s  
incrementa l  s c i e n c e  r e t u r n .  

D r .  Al ley  mentions i n  a r e c e n t  proposa l  (Reference 5 )  
t h a t  France w i l l  soon (November, 1970?) deploy a coa ted -op t i c s  
cube-corner a r r a y  on t h e  moon so t h a t  a t h i r d  a r r a y  w i l l  be  
a v a i l a b l e  f o r  a t  l e a s t  par t - t ime ranging (assuming sone s o l a r /  
thermal  d e g r a d a t i o n ) .  S ince  t h e  major l i b r a t i o n  c o n t r i b u t i o n  
i s  from E a r t h ,  t h e  r e s u l t i n g  d a t a  loss ,  i f  any, ( a t  so l a r  
f r e q u e n c i e s )  should  no t  ma t t e r .  

~~ 

A r e l i a b i l i t y  argument would n o t  r e q u i r e  a t h i r d  a r r a y .  

2. F ly ing  a t h i r d  a r r a y  (on Apollo 1 5  or  16) - almost any 
a r r a y  can be used by t h e  prime s t a t i o n s ,  p a r t i c u l a r l y  McDonald, 
t o  improve t h e  p h y s i c a l  l i b r a t i o n  measurements, and a d d i t i o n a l  
s c i e n c e  r e t u r n  should no t  result i n  terms of uniqueness and 
speed of analysis. 
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t e n  uncoated corners - such an a r r a y  could be used 
by McDonald, b u t  probably n o t  by CRL 

s i x t e e n  coa ted  co rne r s  - should  g i v e  a r e t u r n  about  
h a l f  t h a t  of t h e  Apollo 11 a r r a y .  This  a r r a y  w a s  
sugges ted  by D r .  Al ley (Reference 5 )  a s  a p o s s i b l e  
marker a t  every landing  s i t e  f o r  car tography app l i ca -  
t i o n s ,  admi t ted ly  of l o w  p r i o r i t y  b u t  perhaps cost- 
e f f e c t i v e .  Coatings should  now be cons idered ,because  
of t h e  Surveyor I11 camera expe r i ence ,  t h e  reduced 
r e l i a b i l i t y  c o n s t r a i n t s  on an a r r a y ,  and t h e  poten- 
t i a l l y  l a r g e  r e t u r n  p o s s i b l e .  A mix of coa ted  and 
uncoated co rne r s  should be s e r i o u s l y  s t u d i e d .  

one hundred uncoated co rne r s  (Apollo 1 4  a r r a y )  - has  
an improved ( 6 7 % )  r e t u r n  over  t h e  Apollo 11 a r r a y ,  i s  
a l r eady  f l i g h t - q u a l i f i e d ,  so  it may be cost  e f f e c t i v e .  
Coat ing,  s a y ,  h a l f  t h e  co rne r s  should double  t h e  r e t u r n  
and provide  l o w  c o a t i n g - r i s k ,  b u t  may r e q u i r e  thermal  
r edes ign .  

t w o  hundred uncoated c o r n e r s  ( t w o  Apollo 14 a r r a y s )  - 
t h e  a r r a y s  can e a s i l y  be deployed c l o s e  enouljh t o g e t h e r  
b u t  it s t r i k e s  m e  as a hard  way t o  achieve  a f a c t o r  of 
t w o  i n  s i g n a l  r e t u r n .  I understand t h i s  i s  t h e  LURE team's 
back-up choice.  

t h r e e  hundred uncoated co rne r s  - r e t u r n  i s  only  5 0 %  
above the 200 corner  case which i s  t h e r e f o r e  a b e t t e r  
buy s i n c e  it achieves t h e  g r e a t e s t  r e l a t i v e  improve- 
ment. I f  250 of t h e  c o r n e r s  are coa ted ,  a f a c t o r  of  
e i g h t  above t h e  Apollo 1 4  a r r a y  i s  ob ta ined  and a 
sunshade should improve d a y l i g h t  ranging.  

1 0  c m  coa ted  b e r i l l i u m  open co rne r  - has n o t  been 
proposed, b u t  i s  i d e a l  f o r  ranging  a t  any wavelength 
i n c l u d i n g  t h a t  of a C 0 2  laser. Such a co rne r  should  
be cons idered  f o r  development as having a w i d e r  f u t u r e  
c a p a b i l i t y .  The r e t u r n  should  be s imi l a r  t o  t h e  Apollo 11 
a r r a y  and good thermal  des ign  may permi t  d a y l i g h t  
ranging.  - 
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